This paper discusses the relationships between storage environments, respiration rate and storage life using sweet cherries as a case study. Cherries are a highly perishable crop and good temperature control is vital to maximise retention of quality and ensure adequate storage life. Slow or delayed cooling and temperature abuse during transport or marketing will all accelerate deterioration, increasing the risk of losses through poor product appearance or rots. Using data drawn from the literature and experimental studies of sweet cherry physiology and storage, the dependence of cherry respiration rate on temperature for normal air storage is shown to be adequately described by a generic Arrhenius relationship. The application of the derived models is illustrated through typical supply chain data to highlight the importance of the cold chain in maintaining cherry fruit quality.
INTRODUCTION
Effective temperature control is essential for maintaining the quality of horticultural products following harvest. Elevated temperatures promote respiration and ethylene production, colour change and softening, mass loss, and the growth of spoilage microorganisms. As sweet cherries are a high value crop and exhibit rapid deterioration at ambient temperatures, they must be cooled without delay to remove field heat and are sensitive to temperature abuse through the cool chain.
Mathematical models can be a useful tool to describe and analyse the impact of the cool chain on product quality. When a single parameter can provide an adequate indication of overall quality or dominates in its contribution to overall acceptability, the time-temperature-tolerance (TTT) method can be employed to calculate the fraction of shelf life 'consumed' during storage for different times under varying environmental conditions (Thorne and Segurajauregui Alvarez, 1982) . Such models have proved quite effective, particularly when describing colour or firmness changes for crops such as tomatoes for which several quality parameters are well correlated (Mawson, 2006) .
Describing cherry quality presents a more difficult challenge. For example, changes in cherry quality during storage are associated with a decrease in acidity (approximately linear), a deepening of colour due to anthocyanin formation (exponential or sigmoidal), and a decrease in mass due to moisture loss (approximately linear), stem browning and fungal growth (exponential). However there is a general trend among horticultural products in that those with the highest respiration rate have the shortest storage life (e.g., see Petracek et al., 2002) , so if the temperature dependence of respiration rate can be characterised, this may provide a means of analysing trends in storage life for cherry (and other summer fruit) products.
The relationship between temperature and metabolic activity or quality change is usually described by the Arrhenius relationship (Eq. 1):
(1)
In Eq. (1), r is the rate of change in a metabolic or quality parameter; A is a constant, commonly termed the pre-exponential factor; E a is the activation energy 
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(J mol -1 ); R is the universal gas constant (8.314 J mol -1 K -1 ); T is the absolute temperature (K). E A can be determined from the slope of an Arrhenius plot, ln r vs. ln T -1 . The objective of this study was to determine the temperature dependence of respiration rate of sweet cherries through a review and synthesis of literature data and experimental investigation, and to use this relationship to investigate the influence of temperature variation in the cool chain on sweet cherry quality.
MATERIALS AND METHODS
An extensive literature review of sweet cherry postharvest physiology and storage was undertaken. Sources that provided respiration rates on a mass basis were selected (Table 1 ) and the Arrhenius plot was analysed using Excel™. Sweet cherries (cv. 'Sweetheart' and 'Stella') were obtained from a commercial grower in Otago, NZ and stored under regular air at 0, 4, 12 and 20°C for up to 42 d. Samples (~200 g) were removed at regular intervals and respiration rate (as CO 2 production) was determined using a static method at the storage temperature and following 3 d ambient shelf life (20°C). Information on typical postharvest handing and cool chain practices including temperature logs for NZ cool chains were reviewed. From this, two scenarios were compared with respect to their predicted impact on remaining storage life of cherries during postharvest handling (Table 2) .
RESULTS AND DISCUSSION
Literature sources of quantitative information on at-harvest respiration rate of sweet cherries are summarised in Table 1 . Respiration rates (expressed as CO 2 production) generally fell within the upper and lower limits suggested by the USDA-ARS (Mattheis and Fellman, 2004) with the exceptions of Alique et al. (2005), who noted that the cultivar studied ('Ambrunés') is known to have a low respiration rate, and Seske (1988, high) . These studies were excluded from the subsequent analysis.
An Arrhenius plot of the data follows the expected trend between 0 and 25°C ( Fig. 1) . The mean activation energy (E a ) was calculated as 62.9 kJ mol -1 and the preexponential factor (A) as 5.286 × 10 12 ml CO 2 kg -1 h -1 (r 2 = 0.887). Similar E a values for cherry respiration rate of 54.8-58.1 and 83.3 kJ mol -1 have been reported by Beveridge and Day (1991) and Jaime et al. (2001;  for O 2 consumption), respectively. Overall the coherency of the data set was reasonable, considering the range of cultivars and geographic regions represented and possible differences in methodology between the various laboratories. When respiration rate data for specific cultivars were analysed, some (e.g., cv. 'Bing', Fig. 1 ; cv. 'Lambert') showed very close agreement with a slightly higher E a of ~68.9 kJ mol -1 . This suggests it may be useful to tailor the application of these models to individual cultivars.
The Arrhenius constants determined from Figure 1 were used to estimate the respiration rates (RR) at different temperatures and the relative respiration rates compared to that at 0°C (Table 3 ). An alternative method of indicating the temperature sensitivity of a reaction or quality process is through the Q 10 value, which is the ratio of reaction rates at two temperatures differing by 10°C (Table 3) . Q 10 values of 2-2.5 are commonly assumed for cherry respiration rate (e.g., see Kupferman, 1986; Petracek et al., 2002) and this is in agreement with the data derived from the comprehensive data set presented in Figure 1 .
There is general agreement that at least 28 d storage life at 0°C can reasonably be expected for many cherry cultivars when good quality fruit is cooled rapidly and handled carefully (Patterson, 1987; Ke and Kader, 1992) . If this is selected as the reference condition (=100% of storage life), the relative respiration rates can be used to calculate the expected storage life and relative rates of consumption of storage life for fruit stored at different temperatures; these values are also shown in Table 3 . It is assumed that overall quality declines in a linear manner. Using the simplifying assumption that quality change is proportional to respiration rate (as summarised in Table 3), the two cool chain scenarios specified above were analysed for their effect on the proportion of storage life remaining at different points within the supply chain. The decline in remaining storage life for both scenarios is compared in Figure 2 .
Overall the 'poor' practice scenario provides little security with respect to the quality delivered to the consumer and a comparison of both scenarios highlights the necessity of rapid precooling and maintaining optimal cool storage temperatures, and the desirability of cool retail display temperatures. The importance of educating consumers regarding optimal home storage (i.e., refrigeration) is also clearly demonstrated. One option for improved control of product temperature through storage, transport and retail marketing could be offered by the development of novel packaging technologies to monitor and buffer temperature fluctuations. Similarly active packaging systems incorporating the release of antifungal agents could help to control rots and minimise other quality changes (Serrano et al., 2005; Utto et al., 2008) .
CONCLUSIONS
The temperature dependence of respiration rate for a wide range of cherry cultivars was adequately described by an Arrhenius relationship with an activation energy of ~63 kJ mol -1 . There are many factors that contribute to the decline in cherry quality during storage and their relative contribution to overall quality and their individual dependence on temperature and storage time vary in a complex manner. A simplifying assumption that the decline in quality is proportional to respiration rate yields reasonable values for storage life. Such a model permits the quantitative analysis of different cool chain scenarios and can be used as the basis of educational or decision-making tools, including economic analysis of different marketing strategies. Analysis of different cool chain scenarios highlights the potential for improved packaging technologies to better assure and monitor temperature control, and to control rots using active packaging systems.
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